Abstract: Diketopyrrolopyrrole (DPP)-based polymers have been consistently used for the fabrication of solar cell devices and transistors, due to the existence of intermolecular short contacts, resulting in high electron and hole mobilities. However, they also often show limited external quantum efficiencies (EQEs). In this contribution we analyze the limitations on EQE by a combined study of exciton dissociation efficiency, charge separation and recombination kinetics in thin films and solar devices of a DPP-based donor polymer, DPPTT-T (thieno[3,2-b]thiophene-diketopyrrolopyrrole copolymer) blended with varying weight fractions of the fullerene acceptor PC70BM. From the correlations between photoluminescence quenching (PLQ), transient absorption studies and EQE measurements, we conclude that the main 2 limitation of photon-to-charge conversion in DPPTT-T/PC70BM devices is poor exciton dissociation. This exciton quenching limit is related to the low affinity/miscibility of the materials, as confirmed by WAXD diffraction and transmission electron microscopy data, but also to the relatively short DPPTT-T singlet exciton lifetime, possibly associated with high nonradiative losses. A further strategy to improve EQE in this class of polymers without sacrificing the good extraction properties in optimized blends is therefore to limit those non-radiative decay processes.
Introduction
Diketopyrrolopyrrole (DPP)-based polymers have been widely studied as donor components in organic photovoltaic devices. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Their donor-acceptor design, with an electron deficient DPP core and electron rich thiophenes, results in a narrow bandgap, capable of absorbing photons in the near-IR region. Their low bandgaps make them suitable to be used as the low-wavelength co-absorbing material in tandem solar cells. [4, 8, 15] It has been shown that they can constitute single junction devices as blends with fullerene acceptors yielding close to 9% power conversion efficiencies (PCE). [8, 15] Moreover, they can present high and balanced charge carrier mobilities, a feature that confers them ambipolar characteristics, interesting for applications in organic transistors. [5, 8, 10, 11, 14, 15] They also exhibit remarkably strong visible absorptivities, which has been related to their long structural persistence lengths. [20] However, a common problem present in the majority of DPP-based organic photovoltaic (OPV) devices is that, despite having good fill factors (FF), good open circuit voltage (VOC), and light harvesting properties, their external quantum efficiencies (EQEs) are modest, resulting in relatively low short circuit currents (JSC) given their small bandagaps. In this paper, we focus on the origin of this EQE limitation for DPP-based organic solar cells.
Evidence that DPP-based organic solar cells indeed are particularly limited by modest EQE
values is presented in Table 1 . This table shows an analysis of performance figures from recent literature of the best single-junction DPP-based conventional devices versus the best analogous devices employing non-DPP based donor polymers. The DPP-based devices exhibit lower bandgaps than most efficient non-DPP based devices, and therefore should be able to harvest a larger fraction of the solar spectrum. However, their average JSC values are similar to those of non-DPP devices, explained by the DPP-devices exhibiting lower EQE values. These lower
EQEs values are observed both in the blue part of the spectrum, associated with fullerene charge generation and in the red, polymer-charge generation wavelengths, but they are particularly noticeable in the latter case. While the maximum EQE for DPP systems has an average value of 57%, the same figure for non-DPP devices averages 75%. We rule out systematic absorption strength limitations in the DPP-based devices since their active blend thickness are similar or even thicker than those of the non-DPP based devices. Moreover, there is no evidence suggesting that DPP-based polymers have lower extinction coefficients compared to their non-DPP based counterparts; quite the opposite, recent studies suggest that at least DPPTT-T (thieno [3,2-b] thiophene-diketopyrrolopyrrole copolymer) presents a considerably higher extinction coefficient compared to other polymers used for photovoltaic devices. [20] Therefore, these lower EQE figures appear related to the intrinsic ability of these polymers to convert photons into photocurrent. We also notice, that despite DPP-based devices presenting lower VOC values compared to their non-DPP counterpart, the total photon energy loss, expressed as − is actually smaller in DPP-based devices, which points out the relevance of optimizing EQE losses for these devices.
The data in Table 1 suggests that despite DPP-based capability of harvesting low-energy photons which contribute to JSC, they have an intrinsic conversion limitation that lowers their EQE values. A few studies have recently addressed EQE limitations in DPP-based polymers.
One of these studies used DPP polymers with different donor moieties, [4] another one studied P-DPPTPT with varying side chains. [7] Both works found that the optimized blends form fibrillar microstructures whose widths were inversely correlated with EQE values. The study with P-DPPTPT proposed that wide polymer fibrillar structures prevent an efficient exciton dissociation which impacts upon the EQE values for the corresponding devices. Yet another publication [17] uses a set of five polymers with increasing stoichiometric ratio of selenophenerepeat unit to increase the polymer crystallinity. The study shows that despite highly crystalline DPP based polymers having high charge mobilities, they also result in a drop in the PCE for the associated photovoltaic devices, related to unfavorable morphology with extensive phase separation.
The study herein presented investigates the relationship between exciton dissociation, charge separation and charge recombination in blend films and devices fabricated with DPPTT-T, a highly crystalline polymer that has been used to fabricate solar devices with very high JSC but relatively modest EQE (see Table 1 ). We control blend morphologies by varying the PC70BM loadings, and relate the results to the corresponding device characteristics. By a combination of steady-state and transient optical and optoelectronic techniques, we determine the kinetics of charge generation and recombination as well as the effective device mobilities. Morphology and crystallinity characterization including Transmission electron microscopy (TEM), Atomic
Force Microscopy (AFM) and wide angle X-ray diffraction (WAXD) were used to assess film microstructure upon fullerene addition. Inefficient exciton dissociation on both polymer and fullerene domains is shown to impact directly on the EQE of the corresponding devices, thus explaining the low-EQEs despite the high JSC in optimal devices. A comparison with other DPPbased devices and regioregular-P3HT suggest that this may be a general trend for devices prepared with crystalline donor polymers with low fullerene miscibilities. Figure 1 shows typical steady-state UV-vis absorption spectra of neat DPPTT-T and PC70BM
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films as well as of DPPTT-T:PC70BM blends as a function of their weight ratio, varying from 4:1 to 1:10 polymer:fullerene. As expected, upon increasing the fullerene ratio, the proportion of PC70BM absorption increases, whereas the 650 -1000 nm polymer absorption decreases.
Interestingly, it is noticeable that upon increasing the PC70BM concentration, the relative intensity of the 0,1 vibronic transition, increases with respect to the lowest 0,0 transition.
Additionally, a slight red shift in the S0  S1 transition of ~ 0.04 eV is also observed (from 793 nm in the neat polymer to 814 nm in the 1:10 blend). These observations have been argued to originate from an increased order in the polymer packing due to increased- stacking, [21, 22] resulting from a higher contribution of linear packing in the polymer chains, as determined by
Vezie and co-workers using resonance Raman studies. [20] This assignment also agrees with the decrease in the 0,0 vibronic intensity when a DPPTT-T solution in ODCB solvent is heated, (shown in Figure S1 ) and thus the intermolecular polymer interactions disrupted as the polymer chains gain are able to sample curved conformations. This finding is rather surprising and suggests that polymer interchain interactions are enhanced upon fullerene addition.
Next, in Figure 2a and 2b, we present PC70BM and DPPTT-T photoluminescence (PL) emission spectra, and their respective quenching in the blend films of varying compositions.
The polymer emission spans from ~ 850 to 1300 nm and that of the fullerene between ~ 650 and 800 nm. As expected, the quenching degree increases as the concentration of the complementary component increases; i.e., the larger the DPPTT-T concentration, the more quenched is PC70BM emission. It is noticeable that whereas the fullerene quenching is complete or close to being complete for the films with high polymer concentration, polymer emission does not reach complete quenching even in the 1:10 film. This finding indicates an asymmetric dissociation between excitons generated in fullerene and polymer domains, most likely associated with the high intermolecular interaction of DPP chains even in diluted solutions. [20] It is particularly striking that in the blend composition giving optimum device efficiencies (1:2 DPPTT-T:PC70BM) both DPPTT-T and PC70BM emission quenching are substantially less than 100%, with values for the PLQ efficiency of 68 and 71 % respectively, as shown in Table   2 .
In previous studies, the degree of PL quenching has been related to the degree of intermixing, that is, the length scale of phase segregation, estimated as the average distance L that the exciton can travel before encountering a polymer/fullerene interface. [23, 24] A key parameter needed to estimate L is the neat material exciton diffusion length Lex. We estimated this distance by using an analysis similar to that described in ref. [25] of exciton transient absorption decay data at different excitation fluencies, detailed in Section 2 of the Supporting Information (SI). From the analysis, we obtained a polymer exciton diffusion length ≤ 6 nm. This is a relatively small diffusion length compared to other conjugated polymers [26] and as shown in the next section and the SI, is at least in part the result of relatively fast singlet exciton non-radiative decay. For PC70BM, the exciton diffusion length we use the reported value of 5 nm. [27, 28] We then estimate pure domain diameter as 2L, using the PLQ results, as shown in Table 2 . Although this approach disregards exciton delocalization, it is a reasonable indication of the level of molecular intermixing present within a blend and therefore, the domain size at the molecular level. Values of the average polymer and PC70BM pure domain diameter determined from this PLQ analysis are listed in Table 2 .
Transmission electron microscopy (TEM), and Atomic force microscopy (AFM)
Transmission electron microscopy (TEM) and Atomic force microscopy (AFM) were used to further investigate the morphology of the blend films and compare them to the PLQ data. TEM micrographs for 10:1, 1:1 and 1:4 blends are shown in Figure 3 (bottom). It appears from the images that upon increasing fullerene concentration, the morphology ranges between essentially undisturbed polymer crystallites in the 10:1 blend, to partial separation of the dark regions assigned to PC70BM domains. Phase separation is observed from the 1:1 blend, and a notable increase in the size of these domains is observed in the 1:4 blend, similar to that observed by Dimitrov et al. [29] in their BTT-based polymer blends study. Further evidence of domain separation comes from AFM micrographs, (see Figure S2 in the SI) where the 1:2 blends shows a considerable higher roughness as compared to the 4:1 blend. The observation of fullerene aggregates even in the 1:1 blend is in agreement with the hypothesis that the fullerene solubility within the polymer matrix is low, also observed in the WAXD results discussed below. Values for the fullerene domain diameter sizes from these TEM data are listed in Table 2 , and are in reasonable agreement with those estimated from the PLQ results, supporting the validity of our analyses and also suggesting that the fullerene domains are relatively pure.
Wide-angle X-Ray diffraction (WAXD)
Wide-angle X-ray diffraction (WAXD) was used to assess the crystallinity of the blends (both polymer and PC70BM domains) upon increasing PC70BM concentration. Figure 3 (top) shows the data obtained for the 4:1, 2:1, 1:2 and 1:4 blend films, corrected to account for the different thicknesses of the blends. A narrow and intense peak can be observed at q = 0.32 Å -1 , which is in good agreement with the peak obtained for a neat DPPTT-T blend at q = 0.3 Å -1 . [13, 30] This peak has been assigned to out-of-plane lamellar stacking and thus corresponds to a lamellar spacing of 1.96 nm. Importantly, the lamellar spacing does not change for the different blends, inferring that PC70BM does not intercalate strongly between the polymer chains, although some mixing in the amorphous regions of the polymer is expected. The peaks at q = 0.64 and 1.34 Å -1 have been previously assigned to fullerene agglomeration. [31, 32] A closer analysis to the polymer (lamellar) and fullerene peaks reveals that both peaks intensities correlate linearly with the composition of the blend. That is, the change in the peak intensities for both the polymer and the fullerene can be largely explained by the relative amount of each component. This is shown in Figure S3 in the SI. In this figure it is also apparent that the intensity of the lamellar peaks of DPPTT-T in the blends are slightly higher than expected from the decrease in polymer concentration, which agrees with the enhanced linearity observed in the relative intensity of the 0,0 vibronic peak in the steady-state UV-vis spectra, and with the incomplete polymer exciton dissociation in all blends.
Femtosecond to microsecond transient absorption studies (TAS)
Following the steady-state characterization, transient absorption data was obtained for the films Figure S4a ). As can be observed, the signal has completely decayed by 300 -400 ps, and can be fitted to a monoexponential decay with a time constant  = 49 ± 4 ps. This time is rather short compared to most other exciton decay times in neat conjugated polymers used in OPV studies. As suggested by Dimitrov et al, [26] this may be associated, at least in part, with rapid non-radiative deactivation processes in small bandgap copolymers such as DPPTT-T, as expected from the energy gap law. [16, 33, 34] This short exciton lifetime plays an important role in the EQE limitations of DPP-based solar devices, since it requires large intermixing with the fullerene acceptor, as discussed below. As shown in the morphological characterizations, such large intermixing is not the case for DPPTT-T, which forms rather pure, crystallised domains when mixed with PC70BM. Simultaneously, it is clear that exciton decay is largely independent of the excitation intensity, at least between 5 and 25 µJcm -2 , confirming that contributions from exciton annihilation to the overall decays are small, also related to the low polymer exciton diffusion length.
It was interesting to draw a correlation between the exciton emission quenching observed in the steady state PLQ measurements of blend films and the early dynamics of the exciton photoinduced absorption signal at 1300 nm (see typical transient spectra for blends in Figure   S4b in the SI). At this wavelength the exciton photoinduced absorption dominates the transient signal at early times. The fitting parameters and comparison with steady state PLQ are shown in Table 3 .
As can be observed in Table 3 , % agrees well with the %PLQ obtained by the steady-state measurements, and shows directly the effect of the fullerene "quencher" upon exciton dynamics. The data suggest that photoexcitation of DPPTT-T results in the generation of two distinct populations of DPPTT-T excitons: excitons formed within large DPPTT-T domains which largely decay to ground without generating polarons, and excitons formed in more molecularly mixed (and probably amorphous domains) which are efficiently separated by electron transfer to PC70BM on the ~ 2 ps timescale. The relative proportion of these two exciton populations is modulated by the blend composition, with high PC70BM loading increasing the proportion of DPPTT-T excitons generated in more molecularly mixed regions.
The next section addresses the dynamics of the blend films from the sub-ps to the µs timescale.
The films were excited at 5 µJcm -2 , to assure that the lowest possible energy was used without compromising signal-to-noise ratio. This fluency is equivalent to ~ 5.55 × 10 [ [35] [36] [37] [38] [39] [40] In order to determine whether the recombination behaviour observed here corresponds to nongeminate or geminate charge recombination, measurements with different excitation intensities were performed. Representative data is shown in Figure 6a for the 4:1 blend and in Figure 6b for the 1:4 blend, probing at 980 nm. It is noticeable that upon increasing fullerene loading, the recombination behaviour indeed becomes much slower, going from a polaron half-lifetime of 0.5 ns in the 4:1 blend to 8.8 ns in the 1:4 blend at 1 µJcm -2 . Moreover, the transients are largely intensity independent in the 4:1 blend but intensity dependent in the 1:4 blend, which suggests a change in the recombination type from geminate to non-geminate. This implies that the relative amount of bound polaron pairs decreases as PC70BM concentration increases, or in other words, that the separation of bound charges into free charges becomes more efficient. Figure 7 shows the J-V curves for devices fabricated with 4:1, 2:1, 1:2 and 1:4 polymer:fullerene blend ratios. The corresponding photovoltaic parameters are presented in Table 4 . Note that for devices with low fullerene concentrations, both the short circuit current and fill factor are severely limited. It is also evident from Figure 7 , that the fill factor of the 1:4
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blend is considerably higher than that of the 1:2 blend (see Table 4 ). This high fill factor most probably results from the greater phase segregation present in the 1:4 blends, which results in slower non-geminate recombination losses, as well as a potential increase in electron mobility. [38] JSC however, is greatly decreased (-30%) when going from the 1:2 to the 1:4 blend, this is in agreement with the 30% decrease in fullerene PLQ, and reduced polymer light absorption. Therefore, it appears that large PC70BM aggregates are necessary to a) avoid extensive geminate recombination, observed in blends with low PC70BM loading and b) slow down non-geminate recombination in all blends. This however, happens at the expense of reducing polymer light absorption and losing PC70BM excitons that decay before reaching the interface due to their limited diffusion length, overall resulting in a photocurrent reduction.
We now analyse the optimal, 1:2 DPPTT-T/PC70BM device using charge extraction (CE) and transient photovoltage (TPV) experiments (such data could not be usefully analysed for lower fullerene compositions due to poor charge extraction efficiencies). Figure 8a shows the nongeminate recombination rate at different charge densities n measured at open-circuit using CE and TPV, as well as the effective mobility measured from our CE determination of n at short circuit. From this data, we can estimate a • product between 4.8 × 10 −10 and 7.8 × corresponds to good electrical properties of the device. [41] Figure 8b shows the J-V reconstruction for the same 1:2 DPPTT-T/PC70BM device as a function of light intensity using the CE and TPV data with a methodology described elsewhere. [42] [43] [44] This analysis assumes that the generation rate is independent of voltage and that only non-geminate recombination losses are present, therefore confirming that J-V curve characteristics are not driven by voltage dependent geminate losses in devices with high fullerene loading, consistent with our fs-TAS studies.
Next, we consider the effect of polymer and fullerene exciton dissociation efficiency (as measured by PLQ data) upon device performance. To estimate the differences in photon to charge conversion per absorbed photon between the different devices, an approximate IQE, EQE/Abs (EQE divided by the number of absorbed photons) is shown in Figure 9a . As expected, the highest EQE/Abs was obtained for the best performing 1:2 device, although at long wavelengths (from ~700 nm), the 1:4 device seems to slightly outperform the rest. It is clear from the EQE/Abs normalized at 350 and 780 nm ( Figure S5a and S5b) that devices with higher PC70BM loadings generate photocurrent more efficiently per absorbed photon from polymer absorbing wavelengths, whereas devices with higher polymer loadings, generate photocurrent more efficiently in the PC70BM absorbing wavelengths. This is illustrated in Figure 9b , which plots relative PLQ and EQE/Abs as a function of the fullerene fraction (xPCBM). The relative PLQ, in black squares, is calculated as the ratio between PC70BM PLQ and DPPTT-T PLQ; the relative EQE/Abs, in red circles, is calculated as the ratio between the area under the curve for the PC70BM absorbing area in the EQE/Abs graph (considered, as an approximation, from 300 to 560 nm, the left side of EQE/Abs in Figure 9a ) and the area under the curve for the polymer absorbing area; (considered from 570 to 850 nm, the right side in Figure 9a ). As is apparent in the figure, these two ratios show a clear correlation. This indicates that the differences between the EQE/Abs in the polymer and fullerene absorbing areas can be attributed to the relative polymer and fullerene exciton dissociation efficiencies. It also suggests that incomplete PLQ in the blends has a large impact in current generation in the corresponding devices. However, to take fully into account the effects of geminate recombination, a TPV/CE analysis is necessary for polymer-rich devices. This was unfortunately precluded due to their poor electrical properties and stability of those devices.
Discussion
The study herein presented addresses trends in exciton dissociation, charge separation, recombination and extraction, morphology and device performance for DPPTT-T:PC70BM
devices as a function of blend composition. Our study focuses in particular upon losses resulting from inefficient polymer and fullerene exciton quenching, a topic which has received relatively modest attention in the literature. [45, 46] It is worth noting that an argument that could explain incomplete exciton dissociation, even in blends with large fullerene contents, is the small energetic difference in the LUMO levels of DPPTT-T and PC70BM (and therefore driving energies for charge separation, ∆ ). However, there is some evidence that the morphological effects might be more important. At least three DPP-based polymers similar to DPPTT-T have been used in conventional devices and have reported showing equal or higher EQEs in the polymer area ( ) than DPPTT-T/PC70BM devices, [4, 7] associated with higher polymer PL quenching. These polymers present lower ∆ compared to DPPTT-T, indicating that the low ∆ is not a limitation for exciton dissociation.
The impact of polymer crystallinity upon charge recombination losses can be estimated from the extent to which the devices show Langevin-like charge recombination behaviour. While optimal, 1:2 DPPTT-T/PC70BM device presents a non-Langevin reduction factor between 0.02 and 0.18 at charge densities between 1.1 and 2.2 × 10 16 −3 , annealed P3HT devices have reduction factors between 0.002 and 0.0036 at the same charge densities. [47] This represents a ~ 10 to 100 fold decrease of the degree of non-Langevin behaviour in DPPTT-T compared to annealed P3HT devices. We note however that the reduction factor for 1:2 DPPTT-T/PC70BM determined herein is significantly better than those observed for more amorphous polymers such as PCDTBT or PTB7, that present reduction factors of 0.25 and 0.28 at 2.5 × 10 16 −3 respectively. [48] This illustrates how highly crystalline polymers and specifically those with low miscibility with fullerenes, have the advantage of reducing charge recombination losses, however at the expense of efficient exciton dissociation.
These results highlight the compromise between the presence of intermixed polymer/fullerene areas for optimal exciton dissociation and extended, relatively pure crystalline domains for efficient charge separation and slower recombination losses when using polymers as crystalline as DPPTT-T. Other studies of DPP-based OPV devices, have inversely correlated DPP polymer crystallite sizes with EQE values in the polymer-generating area. [4, 7] In RR-P3HT, the situation is similar: while exciton dissociation is more efficient in intermixed as-spun blends compared to more crystallized, annealed blends, [49] non-geminate charge recombination is at least one order of magnitude slower in annealed vs. non-annealed devices. [47] In both cases, an efficient extraction of charges requires the existence of extended crystallised domains of polymer and fullerene to enable slow recombination kinetics; however, this comes at the expense of losing excitons that are generated far from the interface. As was shown in this study, exciton losses have a straightforward effect on EQE values and therefore in JSC.
A challenge for the enhancement of the efficiency of DPP based devices is therefore the optimisation of blend morphology to enhance exciton separation efficiencies, whilst maintaining sufficient phase segregation to enable efficient charge collection. We note that one alternative strategy to address this compromise would be through increasing the polymer exciton diffusion length, thereby enabling more efficient exciton separation for the same blend morphology. In this regard, the rather short exciton lifetime of DPPTT-T, resulting from rapid non-radiative decay to ground, is a particular limitation of this polymer. Such rapid nonradiative losses may in part be associated, via the energy gap law, with its relative low optical bandgap, although we note that many other factors influence non-radiative losses, notably the density of states of the initial and final states and the strength of the non-radiative coupling. [33] The control and minimization of such processes is therefore an attractive target to enhance the performance of this promising class of low-bandgap polymers.
Conclusion
In this contribution we have related charge generation and charge recombination with blend microstructure and morphology for blends with different DPPTT-T/PC70BM ratios. We it also incurs in fullerene exciton decay losses. These intrinsic limitations are likely to result in EQE limitations for DPPTT-T. There is evidence that suggests that this might be also the case for others DPP-based devices, and that this could be related to high non-radiative losses in these low-bandgap polymers.
Experimental Section
Synthesis: polymer DPPTT-T was prepared according to the previously reported procedure. [10] Molecular weight and polydispersities (PDI) Mw = 35 kDa, Mn = 17 kDa, PDI = 2.06.
Film Preparation: DPPTT-T (5 mgmL -1 ) and PC70BM (10 mgmL -1 ) solutions in a mixture of 4:1 Chloroform to ODCB solvents were prepared and stirred overnight to prepare the films with the different PC70BM loadings, whose polymer to fullerene ratio were: 4 to 1 (20% PC70BM), 2 to 1 (33% PC70BM), 1 to 2 (67% PC70BM) and 1 to 4 (80% PC70BM). The films were spun on cleaned glass substrates for 1 minute at 2,500 rpms in air, and were then transferred into an inert-atmosphere glovebox until the measurements were performed. These films were used for UV-Vis, PL, sub-ps to µs-TAS and AFM. For WAXD samples, DPPTT-T (10 mgmL -1 ) and PC70BM (20 mgmL -1 ) solutions were used to prepare drop casted films with the appropriate concentrations ratio on cleaned glass substrates and dried overnight.
Device Preparation: active layers for devices were prepared in a similar fashion as for blends, except that the substrates had the electrodes deposited. Pre-cleaned, patterned indium tin oxide (ITO) substrates (15 Ω per square) were used. On top of the ITO substrates, PEDOT:PSS was spun at 3000 rpm and dried on a hot plate at 150°C in air for 20 minutes. The active layer was spun on top, in the same fashion as for the films and transferred to an inert-atmosphere glovebox. Following, the counter electrode of LiF (1 nm) and aluminum (100 nm) were deposited by vacuum evaporation at 3 × 10 -7 mbar. The active area of the devices was 0.045 cm 2 . All device characterization was performed in a sample chamber under inert conditions.
Steady-state UV-Visible and Photoluminescence (PL) spectroscopy: A Perkin Elmer Lambda
25 UV-vis spectrometer was used to obtain steady-state UV-Visible spectra from 300 to 1100 nm. Steady-state photoluminescence measurements were carried out in neat and blend films of DPPTT-T and PC70BM with a Fluorolog FM-32 spectrofluorometer using either a visible or an infrared detector depending on the fluorescence wavelengths detected. All the signals were corrected for absorbance at the excitation wavelength. 
Wide-angle X-Ray diffraction (WAXD)
:
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Table 1 . Photovoltaic properties of best DPP-based and some of the best current non-DPP based devices with standard architectures (ITO/PEDOT:PSS/Active blend/Ca (or LiF)/Al) with similar thicknesses and with PC70BM as acceptor.
DPP-based best performing conventional devices (increasing Jsc)
Polymer JSC
PDPPTPT [6] Obtained using the equation = (1 − ) 1/2 , where is the distance that the exciton travels before it reaches an interface, and is the exciton diffusion length. Here, the domain sizes are estimated as an approximate circumference diameter of size 2 . Estimated from average visual measurements of the smallest diameter of dark areas in the TEM micrographs. 
Exciton diffusion length calculation
Fs-resolved transient absorption data of neat DPPTT-T films excited with different light intensities was used to calculate the exciton diffusion length of the polymer excitons. The model used, whose details can be obtained elsewhere [25] and that we have slightly modified, assumes that excitons decay via intrinsic monomolecular deactivation with time constant k and via bimolecular exciton-exciton annihilation (EEA) with a time-independent coefficient ( ), as shown in Equation S1 , where , in cm -3 corresponds to the exciton population. .
(Eq. S2a)
Our modification to the methodology proposed by Samuel and collaborators [25] consists in determining the EEA coefficient by comparing the half-lifetime of transients at low excitation intensity, where we assume that EEA is completely absent and at high excitation intensities, where EEA takes place. For the latter, we estimate that the half-lifetime can also be written in the form of Equation S3a, where is a correction factor that accounts for EEA and is experimentally estimated using Equation S3b, where is exciton lifetime at low excitation intensity and is the lifetime at high excitation intensity. Once the EEA coefficient is determined, the diffusivity constant D is determined using Equation
S5
, and considering an annihilation radius of excitons to be mainly driven by dipole-dipole interactions. To estimate , Equation S6 was used, where , the average exciton hopping distance, was considered to be the − stacking distance (0.36 nm) as determined via WAXD in neat DPPTT-T films. [30] and correspond to the Förster radii for exciton transfer onto an excited and a ground state segment of the polymer respectively. [25] We used an upper estimate of ⁄ = 4 to get an annihilation radius = 2.88 . This corresponds to an upper estimate of the distance between excitons at which annihilation is faster than diffusion.
The value is notably smaller than that of MEH-PPV, [25] thus indicating that annihilation will not occur but at high fluencies. For the high excitation intensity used in this study (25 µJcm Figure S3. Relative intensity with respect to the 4 to 1 blend for the polymer lamellar peak (black squares) and with respect to the 1 to 4 blend for the fullerene peak, (blue squares). The blend 4 to 1 corresponds to the black square (1,1) in the polymer series and the blend 1 to 4 corresponds to the blue circle (1,1) in the fullerene series. The red line represents a straight line with m = 1 and b = 0. A point in (0,0) was added to the data. This analysis was contrasted using relative peak integration instead of relative intensities and the results are unchanged. Figure S4 . Sub-ps transient absorption data in the IR region, after excitation at 740 nm and 25 µJcm -2 for a) neat DPPTT-T film and b) 1:2 DPPTT-T to PC70BM blend film, including a s-resolved transient spectra taken under the same excitation conditions. The spectra were corrected for polymer absorption at the excitation wavelength. 
Transient absorption spectroscopy
